Abstract
Introduction
Start-up or initialization of a well pair can be a challenging part of SAGD operation but is one of the least studied. Start-up procedures may have a significant impact on the subsequent production history and, in the extreme, can result in damage and/or abandonment of the well pair. Producers use a variety of strategies that balance the need for rapid start-up to production against maximizing the chances of better long term SAGD performance. These start-up strategies are normally reservoir specific and not available through public database so detailed analysis of these strategies is not the objective of the current work. Rather, we seek to determine, for the commonly used steam circulation strategies, how a range of operating parameters might affect the generic start-up behaviour of SAGD well pairs.
Start-up of a gravity drainage process in a very viscous reservoir using a pair of parallel horizontal wells requires the establishment of oil mobility between the well pair. In the case of SAGD, this requires that the intervening fluid between the well pair be heated to a temperature sufficiently high to cause the oil to flow from upper well (injector) to a lower well (producer). This is normally achieved by initially circulating steam in each well. The horizontal portion of each well can consist of tubing and liner, which provides two possible channels for fluid flow. In the simplest case, hot fluid can be injected into a steel tubing at the heel, flow from the heel to toe through the tubing, and then out through the annular space between tubing and liner from the toe towards the heel. With such a flow arrangement combined with heat transfer, from fluid in the tubing to fluid in the annulus and from annulus to formation, the thermodynamics combined with hydrodynamics can be fairly complex to describe.
The fluid dynamics and heat exchange behaviour must be solved in order to predict the rate at which heat is transferred to various parts of the formation along the length of the well pair. The rate of heat transfer and fluid convection into the reservoir formation determine how communication is established along the length of the well pair. Once communication is established in a certain region along the well pair, drainage can be initiated in that region and subsequent steam injection will mainly be consumed by the steam chamber development around that region having the highest drainage rate. Ideally, it is desirable that this drainage region cover the entire length of the well pair. Depending on reservoir characteristics, this initial communication and drainage impact early production rate and even ultimate recovery. Start-up behaviour is dominated, therefore, by the hydraulics of the circulated hot fluid (steam and water) and, thermal conduction and convection effects in the near-well region. It is expected, therefore, that steam injection rate, steam quality and pressure drop between the two wells will play critical roles. Of course, reservoir properties, particularly, heterogeneities and well trajectories will also have a significant impact.
The earlier theoretical descriptions of the SAGD process were mainly focused on its 2D mechanisms [1, 2] . Practical issues of SAGD initialization process were encountered during the design and implementation of Phase A [3] and subsequent Phase B pilot tests at the AOSTRA's Underground Test Facility (UTF). An excellent discussion of these issues and the development was given by Edmunds and Gittins [4] . Using a semi-empirical correlation, they show that no pressure differential between the well pair is required for start-up. Edmunds and Gittins indicate that, once thermal conduction via steam circulation has heated the bitumen to between 50 and 100°C, the bitumen is sufficiently mobile so that it can be displaced by hot water and rapid convectional heating can occur. Under these conditions, and a small ΔP, steam breakthrough to the producer will take only a few days. The authors also discuss the impact of increasing steam circulation when the well bore heat exchange efficiency is very high. In this case, live steam is returned from the well even though the full length of the well may not be heated and the toe may be a much cooler than the heel. This is attributed to the film heat transfer coefficient in the tubing near the heel increasing with increasing fluid velocity. The pressure gradient from the heel of the tubing around the toe and returning to the heel of the liner also increases with increasing fluid velocity. The combination of these two effects returns a higher proportion of the injected steam out of the well and reduces the effectiveness of steam circulation so that the region around the toe becomes cooler. Appropriately larger tubing can mitigate these effects. Insulation of the horizontal tubing can reduce the heat transfer rate but is not recommended because of expense and decrease in the size of the annulus. Such tubing insulation would also reduce heat transfer to keep production fluids hot when the well pair is put into production. McCormack [5] also provides a good discussion of the consequence of these heat transfer and hydraulic effects during production stage.
Mukherjee, Gittins and Edmunds [6] have investigated socalled laboured start-up of production when there is high permeability above the injector but low permeability between the wells. This situation allows the development of the steam chamber but chokes off fluid transport to the producer and impedes the attainment of steam temperature in the zone around the producer. A similar effect could occur during steam circulation to initiate communication. Increasing the ΔP can increase fluid transport and convection; however this solution is not applicable once breakthrough has occurred anywhere along the well pair. Mukherjee et al. [6] suggest that hot water injection could provide a better solution. The water will flow downwards, under gravity, from injector to producer more easily than water and bitumen resulting in a faster rate of heat transfer and communication.
Tan, Butterworth and Yang [7] , have used a fully coupled discretized wellbore model to show some impacts of tubing size and insulation on SAGD start-up. For the case of non-insulated tubing, initial communication and steam chamber growth starts at the heel, as expected, and the temperature difference between tubing and annulus is only 3 to 4°C. The steam chamber does not propagate along the well because it is opposed by the pressure gradient in the axial direction of the horizontal well (pressure in the annulus is higher at the toe than at the heel). This problem is avoided with insulated tubing. However, as noted earlier use of insulated tubing introduces additional problems and costs for the production well.
The paper tries to extend the work of the above authors by investigating the impact of steam quality, circulation rate and pressure difference between the well pair during steam circulation.
Approach to Simulations
CMG STARS discretized wellbore model was used to investigate the impacts of steam quality, steam rate and ΔP (P prod -P inj ) on uniformity of heating along length of the well and, time required to establish communication. Here, P inj and P prod are defined as the bottom hole pressures at the heels of annuli of injection well and production wells, respectively, during steam circulation. Therefore, when ΔP equals the natural hydraulic pressure (approximately 50kPa for 5m vertical well spacing), there is no driving pressure between the wells; when ΔP = 100kPa or 0kPa, there is a 50kPa driving pressure difference from the producer (the lower well) or the injector (the upper well), respectively.
All circulation rates are expressed as cold water equivalent. Circulation rates investigated were 50, 100 and 200 m 3 per days. Steam qualities explored were 0, 60, 80 and 100%.
Depending on reservoir characteristics and SAGD operating conditions, the criteria for determining steam circulation period can vary. Commonly, for Athabasca reservoirs, a minimum temperature at the midpoint between two wells of 70 to 90°C is used as an indicator for terminating steam circulation and switching to SAGD production mode. For this work, we define the end of start-up period as the time when the minimum temperature along the midpoint between the well pair reaches 80°C. All simulations were run to 182 days, well beyond expected start-up period for the reservoir and operational conditions employed.
Reservoir Properties
For numerical studies of steam circulation in a SAGD well pair, a 3-dimensional reservoir, 7.5m wide, 700m long (the length of wells), and 13.5m in height, with a total of 22,000 grid blocks was used, as shown in Fig. 1a . The grid blocks were equal in length (100 × 7m) but varied symmetrically in width and thickness about the wellbore from 0.5m to 1m. The smallest blocks were 0.5m × 7m × 0.5m placed along and around the trajectories of the two wells.
Reservoir heterogeneity was imposed by use of random, but spatially correlated, porosity and permeability distributions in each layer of the grid blocks. Porosity and horizontal permeability of grid blocks averaged 0.337 and 6.12 Darcy, respectively, with log-normal distribution. The ratio of vertical permeability to horizontal permeability was assumed constant at 0.5 for all blocks.
Reservoir properties are summarized in Table 1 .
Discretized Wellbores
Both the injection well and production well were assumed to be straight and horizontal with a constant 5m vertical separation. Both wells consist of a liner and tubing. The liner had a 0.1778m (7in.) outer diameter and wall thickness of 0.0046m. Tubing outer diameter was 0.0889m (3.5in.) with a wall thickness of 0.0032m. The thermal conductivity of the tubing and liner was similar to that expected for a stainless steel. Although in reality the placement of the tubing inside the liner can be anything but concentric with the liner, we used the existing model provided by CMG's STARS that assumes that the tubing is concentric with the liner. Table 2 summarizes the scenarios investigated. To facilitate the interpretation of the results, we have chosen to present some of the data in the form of plots of minimum block temperature along the midpoint between the well pair as a function of circulation time. We chose 80°C as the threshold temperature for SAGD initialization, i.e., all blocks along the midpoints between the two wells must be equal to or above this temperature before switching to SAGD production mode. The blocks analyzed along the midpoints are shown in Fig. 1b .
Results

Pressure Difference
The ΔP has a profound effect on the initiation behaviour. If ΔP is simply the hydraulic head (50kPa), then the circulation rate (50 to 200m 3 per day) and steam quality (60 to 100%) have negligible effect on the time to establish communication (about 105 days), i.e., the minimum block temperatures increase at about the same rate (Fig. 2) . Circulation rates at 100 and 200m 3 per day with 100% quality steam resulted in slightly shorter times for initialization (95 days). If the ΔP is increased above the natural hydraulic head to 100kPa, i.e., drive from the lower well, then the minimum block temperature rose more rapidly so there is an apparently shorter time to achieving communication, 63 to 80 days (Fig. 2) . Interestingly, with a ΔP of 0kPa, i.e., drive from the upper well, the minimum block temperature (Fig.  2 ) increases even more rapidly than was the case with a of ΔP 100kPa. The transient peaks and inflexions in the minimum block temperature around 80 to 100 days, when a ΔP of 100kPa is employed, is related to breakthrough of steam to the upper well.
To understand the impact of ΔP on the uniformity of the temperature in between the two horizontal wells we need to look at the minimum as well as maximum and average temperatures along the midpoint and, perhaps, the complete temperature profile around the well pair. Here, the average block temperature is defined as the arithmetic average for the midpoint blocks (Fig. 1b) . With a ΔP of 50kPa equal to the hydraulic head, the midpoint temperature distribution is typically +5°C/-15°C about the average temperature (Fig. 3) . Thus, we get uniform heating but a slow SAGD initiation (Fig.  4) . Similar behaviours are observed at other circulation rates and steam qualities for a ΔP of 50kPa.
When the ΔP is 100kPa, a more rapid increase is achieved in the average midpoint temperature; however the temperature distribution along the midpoint is far from uniform ( Fig. 5 ).
Steam breakthrough occurs at the heel of the well pair at 91 days (Fig. 6 ). Slightly different behaviours are observed at other circulation rates and steam qualities for a ΔP of 100kPa. These differences are discussed below.
Only two simulations were run with a ΔP of 0kPa and with steam qualities of 0 and 100%. For comparison, the results of these simulations are shown compared to results at ΔP of 50 and 100kPa but at the same circulation rates (Fig. 7) . The results indicate that a ΔP of 0kPa, with steam drive from upper to lower well, leads to slightly shorter time for initiation, 63 days versus 65 days. Fig. 8 shows the temperature profile around the well pair after 91 days of 100% quality steam circulation and a ΔP of 0, 50 and 100kPa, respectively. Compared to initiation with a ΔP of 100kPa, initiation with a ΔP of 0kPa and 100% quality steam appears to provide: (a) a more rapid initiation, (b) more uniform midpoint temperature, (c) lower possibility of early steam breakthrough at the heel and (d) early formation a steam chamber above the upper well.
Circulation Rate
It has already been shown that when the ΔP is 50kPa the temperature at the midpoint between the well pair is fairly uniform, i.e., the full length of the well is more evenly heated. In this case, the minimum block temperature between the well pair is almost insensitive to circulation rate and steam quality. We, therefore, confine the discussion in this section to instances where the ΔP is 100kPa. The minimum block temperature versus time for circulation rates of 50, 100 and 200m 3 per day are shown in Figs. 9a, 9b and 9c for steam qualities of 60, 80 and 100%, respectively. The three corresponding temperature profiles are shown in Figs. 10a, 10b and 10c. Quality = 60%: Fig. 9a for steam quality of 60% shows that the lowest circulation rate of 50m 3 per day gives the smoothest increase in minimum block temperatures but the longest initialization time, 80 days compared to 69 and 72 days respectively for 100 and 200m 3 per day. The higher circulation rates, though yielding shorter initialization times, lead to steam breakthrough at the heel (Fig. 10a) . Steam breakthrough actually occurs after 80 days with circulation rates of 100 and 200m 3 per day. Note that although steam breakthrough occurs after the nominal start-up criteria are met, it is an indication of non-uniform heating prior to achieving these criteria. In contrast, for 50m 3 per day circulation, breakthrough does not occur at the heel, instead hot channels develop and lead to steam breakthrough about halfway down the length of the well pair after about 130 days, much later after the start-up criteria are met compared to the cases with circulations of 100 and 200m 3 per day. Quality = 80%: Steam circulation at 50m 3 per day results in an initialization time of 68 days (Fig. 9b) , while still maintaining an even temperature distribution along the length of the well pair. Hot channels begin to develop (Fig. 10b ) much earlier than was the case with a steam quality of 60%. These hot channels, in the first third of the well pair length, eventually lead to steam breakthrough after about 130 days. The higher circulation rates, as expected, lead to less even temperature distributions and result in breakthrough at the heel (Fig. 10b) , which occurs after about 80 to 91 days. The initialization times are 75 and 80 days for injection rates of 100 and 200 m 3 per day, respectively (Fig. 9b) . With circulation rate of 200m 3 per day, the breakthrough of steam occurs right at the heel whereas with 100m 3 per day it occurs a bit further away from the heel. Note that compared to a rate of 50m 3 per day, a lower circulation rate of 25 m 3 per day (Fig. 9b) does not lead to a shorter initialization time, i.e., initialization time does not decrease steadily with decreasing circulation rate of 80% quality steam since a certain amount of energy input is required for achieving initialization. Quality = 100%: Compared to using a steam quality of 80%, increasing the steam quality to 100% decreases the initialization time from 68 to 65 days for a circulation rate of 50m 3 per day (Fig. 9c) . In contrast, for the higher circulation rates of 100 or 200m 3 per day, the initialization time remains the same at 75 and 80 day for 80% or 100% quality steam, respectively. A steam quality of 100% results in a more asymmetric temperature distribution for all flow rates and steam breakthrough occurs in 80 to 111 days (Fig. 10c) .
Steam Quality
For a given injection rate defined in cold water equivalent, increasing the steam quality increases volumetric flow rate, pressure drop and heat transfer. All of these factors will affect the start-up behaviour. We have examined the cases where both wells have the same steam quality and cases where the upper well has a poorer steam quality than the lower well.
Symmetric Steam Qualities
Data for the minimum block temperature versus time for different steam qualities are shown in Figures 11a, 11b and 11c for circulation rates of 50, 100 and 200m 3 per day, respectively. 50m 3 per day: The minimum block temperature follows the expected pattern of increasing with increasing steam quality and increasing heat transfer coefficient (Fig. 11a) . Circulation of hot water (steam quality of 0%) gives a very slow rate of heat because the fluid temperature continuously decreases with transit back along the annulus from toe to heel. In contrast, 60% steam quality gives a substantially higher rate of initialization, 80 days for 60% steam compared to greater than 182 days for 0% steam. The temperature distribution (Fig. 12a) shows that with 0% quality the toe is much warmer than the heel but with 60% quality the temperatures are higher and the distribution is more uniform. Steam breakthrough occurs with 60% quality steam via hot channels a third of the way from the heel after about 130 days.
With steam qualities of 80 and 100% the behaviour is different. Initialization time is significantly shorter than with 60% steam (80 days), being about 68 and 65 days with 80 and 100% steam, respectively. With 80 and 100% quality steam, breakthrough occurs via hot channels in the first third of the way along the well but closer to the heel than was the case with 60% quality steam. The temperature distribution in Fig. 12a shows the increasing asymmetry with increasing steam quality. The region closest to the heel becomes hotter as the region around the toe becomes colder with increasing steam quality. 100m 3 per day: With this higher circulation rate, steam breakthrough occurs at the heel after about 90 days even with a steam quality of 60% (Figures 12b) . After 60 days circulation, the minimum block temperature for 60% steam increases at a faster rate than for 80 or 100% quality steam (Fig. 11b) . This reflects the increasing heat input near the heel, at the expense of the regions around the middle and toe, as steam quality increases (Fig. 12b) . Initialization times for 60% steam is now 70 days while for 80 or 100% steam it is 75 days. 3 per day: At this circulation rate, the lowest circulation steam quality of 60% gives the shortest initialization time, 72 days compared to about 80 days with 80 and 100% steam quality (Fig. 12c) . This highest circulation rate also further increase the asymmetry in temperature distribution, i.e., the toe is colder than it was at corresponding times with the lower circulation rates (Figures 12a, 12b and 12c ). Steam breakthrough is also more closely confined to the region of the heel. The apparently anomalous delay in steam breakthrough with increasing steam quality may be an artifact due to the increased efficiency of heat transfer between the tubing and annulus. Most of the enthalpy of the incoming steam in the tubing is being transferred to the outgoing fluid in the annulus in the first few meters of the heel. Thus most of the input enthalpy is transferred to the steam leaving the annulus so that actual heat transfer to the reservoir is substantially reduced and occurs very close to the heel.
Asymmetric Steam Qualities
Data showing the effects of using a lower steam quality in the upper well compared to the lower well are summarized in Figures 13a, 13b and 13c . In each case the circulation rate was 100m 3 per day and the steam quality in the lower well was either 80 or 100%. Fig. 13a shows that if the steam quality is lower in the upper well then, after a certain time, the minimum block temperature will increase at a significantly faster rate than the case where the steam qualities in both wells are identical. Indeed, when the steam qualities are identical in both wells, it makes little difference whether the steam quality was 80 or 100%.
When the quality in the lower well was 80% and that in the upper well was 40% (Fig. 13b) , steam breakthrough via several hot channels appears to be shifted from the heel towards the middle and there was more uniform heating along the length of the well pair. In contrast, there was a distinctly sharp breakthrough at the heel when the steam quality was 80% in both wells. As a result of this asymmetric steam quality, the time to achieve initialization was decreased from 85 to 62 days.
An even better temperature distribution along the length of the well pair could be obtained by allowing 100% quality in the lower well and 20% in the upper well (Fig. 13c) . Now the toe of the well pair can be just as hot as the heel. In fact, steam breakthrough via hot channels occurs at the toe of the well pair. These results stand in stark contrast to the situation when the steam quality is 100% in both wells where there the heel of the well pair is at a much higher temperature than the toe and steam breakthrough occurs prematurely at the heel. This asymmetric steam quality, however, did not significantly shorten the time to achieve initialization, which remained about 85 days.
Discussion and Conclusion
These results can be interpreted by considering the various heat and mass transfer processes that are occurring within the wellbore and between the wellbore and the formation.
Between the tubing and annulus, heat transfer occurs via convection from the fluid in the inner tubing, conduction from the inner tubing wall to outer tubing wall and then via convection to the fluid in the annulus. Since the tubing wall is thin and its thermal conductivity is high, the overall heat transfer from tubing to annulus is dominated by convective heat transfer in the annulus, which scales with fluid velocity in the tubing and annulus.
Heat transfer from the well to the formation consists of convective heat transfer from the fluid in the annulus to liner wall, conduction through the liner and conduction from outer surface of the liner to the formation. The limiting rate of heat transfer will be due to conduction from outer liner wall to the formation. If fluids flow from the annulus into the formation then a convective heat transfer process must also be considered. The extent of this type of "convective" heat transfer will be determined mainly by relative mobilities of fluids in the reservoir.
Combining these effects, it becomes clear how, as stated by Edmunds and Gittins [4] , high quality steam at high circulation rates can lead to relatively poor net and non-uniform heat transfer to the reservoir compared to relatively lower quality steam and lower circulation rates. The same considerations can also explain how these factors combine with the ΔP between the wells and resulting fluid mobilities to enhance the heat transfer and improve initialization
The mobility of water is significantly higher than steam at the initial fluid saturation conditions. The pressure gradient established between the well pair provides the driving force for the flow of hot condensate water and heated oil. The pressure gradient at any point between the well pair depends on the pressure drop imposed by the pressures in the annuli at the heel and also the pressure drop along the tubing and annuli. While the ΔP may be held constant, the pressure will vary with position along the axial direction of the well due to pressure drop along each well. Such changes in pressure drop, along the length of the wells, will affect flow of mobile fluids between the wells. Depending on the temperature of the condensate, the initialization behaviour can be significantly affected. Figures 14 and 15 show the simulation results, which incorporate all of the above effects and their impacts on the rates of water and steam produced in the annulus. Circulation rates of 50 and 100 m 3 /day and steam qualities of 60% and 100% are considered. For these simulations, at the bottom-hole pressures used, the ratio of saturated water density to saturated steam density for the lower well is about 34.3 while for the upper well this ratio is 34.7. 50m 3 per day: Fig. 14 shows production rates from the annulus when 60% or 100% steam was injected at 50m 3 per day with a ΔP of 100kPa. With 60% quality steam, steam production from the upper well is absent until steam breakthrough via hot channels midway along the length of the well after about 130 days. Steam production from the lower well occurs up until about 60 days and the maximum production rate observed is much lower than injected saturated steam rate of 1030m 3 (gas phase) per day (50m 3 /d × 60% × 34.3). Peak steam production from the lower well at about 50 days corresponds to about 26% quality steam, on an injected fluid basis.
In contrast, with 100% quality steam injection at 50m 3 per day, steam is produced from both the upper and lower wells until a hot channel develops at the heel and steam breakthrough from the lower to upper well after about 90 days. For these conditions, the rate of steam injection is about 1700m 3 (gas phase) per day. Steam production at about 35 days corresponds to about 70% quality on an injected fluid basis.
With both 60% and 100% quality steam, significant mobility of condensate from the lower to upper well was observed but the condensate mobilized from the lower to the upper well was higher with injection of 60% steam compared with 100% steam. Analysis of the data indicates the more uniform heating obtained with 60% quality steam is at least partly due to increased mass transfer of hot condensate near the toe relative to that at the heel compared to the case with 100% quality steam. This may also be coupled with increased oil mobility and early production. 100m 3 per day: Fig. 15 shows production rates from the annulus when 60% or 100% steam was injected at 100m 3 per day with a ΔP of 100kPa. In contrast to results for an injection rate of 50m 3 per day with 60% quality steam (Fig. 14) , steam is now produced from the upper well at all times. Prior to steam breakthrough at the heel, the production from lower well ranges from about 44 to 58% steam quality, on an injected fluid basis, which is close to the injected steam quality of 60%. The produced steam from the upper well was less than 29% quality, on an injected fluid basis. When the injected steam quality was increased to 100% then fluid production from the lower well consist of almost 100% quality steam while that from the upper well was 86% quality, on an injected fluid basis, a clear indication of inefficient use of the injected enthalpy.
The results illustrated in Figures 14 and 15 confirm the simplified picture of heat transfer behaviour discussed above. When the injected steam quality and rate are both high, high quality steam is produced from the annulus so that much of the heat transfer will take place near the heel. In contrast, lower flow rate and steam quality result in a much lower quality steam produced from the annulus, which implies that the heat transfer is not localized at the heel. Mobilizations of condensate and heated oil thus play an important role in heat transfer.
Conclusions
The impact of steam quality, circulation rate and pressure difference between the well pair during SAGD initialization was explored through the use of numerical simulations employing a discretized wellbore model in CMG's STARS. Circulation rates and steam quality are coupled by the coupled thermodynamic and hydrodynamic behaviours of the tubing and liner as a counter-current tubular heat exchanger. Circulation rates in combination with steam quality can have significant impacts on initialization in terms of time to establish communication, uniformity of heating in the region between the well and whether and where steam breakthrough occurs.
These results tend to indicate that, for the given tubing and liner sizes and reservoir properties, relatively lower circulation rates at high steam quality are more favourable for faster initialization and development of uniform temperature between the horizontal well pair. In contrast, at lower steam qualities, higher circulation rates appear more favourable for faster initialization.
Although a ΔP (P prod -P inj ) between the well pair equal to the natural hydraulic pressure (50kPa) results in very uniform heating, the rate of initialization is relatively slow. It is desirable to have a small steam drive (ΔP = 100kPa) between the well pair for faster initialization. A higher ΔP, however, can result in less uniform heating and increase the potential for premature steam breakthrough at the heel. On the other hand, a ΔP of 0kPa leads to slightly faster and more uniform heating and initialization while reducing the potential for premature steam breakthrough at the heel.
Simulations indicate that having a higher steam quality in the lower well than that in the upper well could lead to faster initialization, more uniform heating and, even potentially alter the location of steam breakthrough.
Although these results indicate that a lower steam quality may be desirable for uniform heating from heel to toe, caution in injecting such fluids is suggested. Perkins [8] has discussed the potential for formation damage caused by injection of wet steam during SAGD. The mechanism of the formation damage is believed begin with the dissolution of silica in the hot alkaline boiler blow-down water. The alkalinity of boiler blowdown arises from the partitioning of carbon dioxide. Some dissolution of silica may be beneficial in improving the permeability in the near-well region that may have been adversely affected by drilling and completion but too much dissolution can cause significant problems. Mixing of water, containing dissolved silica, with lower alkalinity condensate water leads to precipitation of the silica in other parts of the formation and wellbore. The precipitated silica can cause reduced porosity and formation damage. The use of wet steam must, therefore, be carefully considered in light of these factors. 
